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Abstract—In-body antennas couple strongly to surrounding
biological tissues thus resulting in radiation efficiencies well below
1%. Here, we quantify how the permittivity and conductivity,
each individually, affect the radiation efficiency of miniature
implantable and ingestible antennas. We use a generic pill-sized
capsule antenna and a spherical homogeneous phantom with
its electromagnetic properties covering the complete range of
body tissues. In addition to the phantom surrounded by air, we
study the case with a reduced phantom–background contrast
(nonresonant case) that allows for decoupling of the obtained
results from the phantom shape. The results demonstrate that,
for a realistic capsule antenna, the effect of dielectric loading
by tissue can partially compensate for the tissue losses. For
instance, the gain of the antenna operating in the muscle-
equivalent medium is about two times (3 dBi) higher than in the
fat-equivalent one, even though the conductivity of muscle is one
order of magnitude higher than the one of fat. The results suggest
that, in majority of cases, in-body devices should be designed
for and be placed within higher permittivity tissues with low to
moderate losses.
Index Terms—biomedical telemetry, implantable, in-body, in-
gestible, ISM (industrial, scientific, and medical) band.
I. INTRODUCTION
IMPLANTABLE and ingestible (in-body) devices for bi-omedical telemetry, telemedicine, and neural interfacing
provide breakthrough capabilities for both practitioners and
researchers [1]–[3]. Furthermore, new applications emerge in
defense, professional sports, and occupational health.
A wireless in-body device relies on antennas to interface
with external systems [4]–[7]. However, the electromagnetic
(EM) energy transfer between an in-body device and an
external transceiver is generally inefficient. Radiofrequency
(RF) transmission within about 200 MHz–2 GHz band yields
the best efficiency for both data [8] and wireless power
transfer [9]. The optimal frequency—in terms of the antenna
radiation efficiency η—depends most notably on the depth of
implantation: the closer the antenna is to the surface, the higher
the optimal frequency [8], [9].
For a given depth, radiation efficiency of an in-body antenna
depends on EM properties of surrounding tissues, i.e. on the
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dispersive complex permittivity ε̂ = ε′ + jε′′. Real part ε′
loads the antenna, thus increasing its electrical size ka ∝ η
(where k is the wavenumber and a is the antenna circumradius)
[10]. Propagating wave undergoes attenuation due to losses in
tissues (characterized by ε′′ = σ/ω, were σ is the conductivity
and ω is the angular frequency) and scattering because of
tissue heterogeneity ε̂ (r, ω).
Several authors studied how the tissue permittivity εr and
conductivity σ affect the radiation performance of in-body
antennas. Skrivervik and co-workers [11], [12] characterized
losses of ideal electric, magnetic, and Huygens sources in
a multilayer spherical phantom using spherical wave de-
composition. The authors quantified the role of the antenna
type and encapsulation aiming at minimizing the losses by
lowering the near-field coupling. Chrissoulidis and Laheurte
[13] employed a similar spherical body model to study the
radiation of a dipole using a dyadic Green’s function approach.
The results characterize the near field of ideal electric and
magnetic antennas. Xu et al. [14], [15] evaluated numerically
the specific absorption rate (SAR) of an ingestible helical
antenna in gastrointestinal tract tissues. In our recent study [8],
we derived optimal radiation conditions for idealized sources
in realistic phantoms. However, to the best of our knowledge,
the quantitative effect of tissue EM properties on radiation
performance of capsule in-body antennas remains unexplored.
In this letter, we study the impact of the tissue permittivity
εr and conductivity σ on the gain G of a pill-sized in-body
capsule antenna. We start by formulating the problem for a
conformal-microstrip antenna in canonical phantoms. Next,
we study the effect of tissue EM properties on radiation
performances. We quantify the effect of {εr, σ} on the antenna




We used a representative microstrip design conforming to
an inner surface of a 0.5-mm-thick 17 mm×7 mm capsule
(Fig. 1) [16]. The operating band is 434 MHz ISM (Industrial,
Scientific, and Medical) [17]. The antenna is loaded with
ceramic shell (Al2O3, εr ≈ 10) and pure water inner filling
(εr ≈ 78). This approach results in stable 50-Ω matching (i.e.
|S11| < −10 dB) when operating in the majority of biological
tissues for both implantable and ingestible applications. This
makes this design an appropriate candidate to study the effect
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of variations of tissue EM properties on the antenna radiation
performance.
B. Spherical Phantom
Studying the effect of tissue EM properties {εr, σ} on the
antenna radiation requires decorrelation of the results from
the phantom geometry. Therefore, any complex shapes and
heterogeneities will introduce shape-related disturbances to the
results. Spherical symmetry of the phantom allows for cha-
racterization of radiation performance under well-controlled
isotropic conditions. It conserves the intrinsic radiation pattern
of an in-body antenna and can be reproduced in measure-
ments [16]. The diameter of the sphere has to reflect the poten-
tial in-body application scenarios (i.e. the mean implantation
depth) and, for the human-ingestible one, it is in 60–200 mm
range [18]. We chose 100-mm (Fig. 1) as it ensures at least
half-wavelength propagation for f0 ≥ 434 MHz and εr ≥ 50
(the permittivity range εr ∈ [50..80] covers all water-based
tissues [19]). Already at this diameter, the radiation efficiency
of in-body antennas usually drops to η < 1% [18]. We define
the EM properties of the specified phantom to be within the
following range: εr ∈ [10..80] and σ ∈ [0..2.4] S·m−1 [19].
First, we study the radiation from the phantom in free
space {ε0, 0}. Because of the high contrast boundary between
the lossless phantom and free space, the sphere may act as
a dielectric resonator. This resonance affects the gain and
thus introduces an additional geometry-related disturbance. We
decorrelated the results by matching the permittivity of the
environment to the one of the phantom, hence mitigating the
high-contrast boundary between the phantom and free space.
This makes the phantom nonresonant and enables an accurate
estimate of how the radiation performance of the antenna
depends on the EM properties of surrounding tissues.
To make the results independent of the antenna design,
we normalize the computed gain to its maximum value over
{εr, σ} as Gnorm, dBi = GdBi (εr, σ) − max (GdBi). In this
way, Gnorm quantifies the response of the radiation efficiency
η to the variations of {εr, σ}. Considering the effect of dielec-
tric loading on the antenna radiation, the highest permittivity
εr = 80 and the lowest conductivity σ = 0 considered in this
study result in max (GdBi). These EM properties are close to
these of pure water at 434 MHz.
As the directivity D is almost constant for the studied
range of EM properties (D ≈ 2 dBi ∀ {εr, σ}), the nor-
malized gain Gnorm, dBi values can be considered equivalent
to the normalized radiation efficiency ηnorm, dB (εr, σ) =
ηdB (εr, σ)−max (ηdB) as G = ηD [20].
III. NUMERICAL ANALYSIS
A. Numerical Model
We used the frequency domain solver of CST Microwave
Studio 2017 [21] (finite element method) as the most suit-
able for resolving the geometry of a low-profile conformal
antenna. Adaptive mesh refinement used two convergence
criteria: i) δ|S11| < 1% for three consecutive passes and
ii) δmax (G) < 2% for two consecutive passes. The open
boundaries were modeled as the perfectly matched layers
(PMLs); the distance from the phantom to PML was λ0/2.
Fig. 1. Problem formulation (not to scale): the capsule antenna centered
inside a canonical 100-mm spherical phantom covering the complete range
of biological tissue EM properties at 434 MHz. Two cases were studied: 1) a
phantom surrounded by free space with ε0, and 2) a nonresonant phantom
surrounded by a medium with εr .
B. Radiation from Phantom Surrounded by Air
Fig. 2a shows the effect of {εr, σ} on the antenna radiation.
The gain is normalized by its global maximum at about
{45, 0} where the phantom is resonant (radius ≈ λ/2). The
local maximum is at {80, 0} and the global minimum is at
{10, 2.4}—the boundary values within the studied range. The
max–min ratio reaches 33.3 dBi.
Clearly, the tissues load the antenna that increases its elec-
trical size as ka ∝ √εr. The achievable radiation efficiency
ηmax is proportional to ka for any electrically-small antenna
[10]. This effect allows for partial compensation of the losses
induced by the conductivity. For instance, the gain of the
antenna operating in the phantom with stomach-equivalent EM
properties is about two times higher than in the fat-equivalent
one (Fig. 2a). This is despite the fact that the conductivity of
stomach being one order of magnitude higher than the one
of fat. The beneficial effect remains until conductivity reaches
σ . 1 S·m−1. For instance, the losses in small intestine are
higher than in fat.
To quantify the effect of dielectric loading by tissue with
respect to the reference gain at {80, 0}, let us now consider a
nonresonant phantom.
C. Radiation from Nonresonant Phantom
Matching the permittivity of the phantom to the one of
the outer space mitigates the resonance at {45, 0}, and the
max (G) moves to the reference point {80, 0} (Fig. 2b). Even
though, at the considered frequencies, the conductivity of fat
and pure water are of the same order, the eightfold difference
in εr results in the relative radiation efficiency loss of −15 dB.
For the muscle tissue, this value is −11 dB that is comparable
to the loss from colon and stomach tissues. However, increased




POLYNOMIAL COEFFICIENTS OF EQ. 1
p00 p10 p01 p20 p11 p02 p21 p12 p03
−25.89 3.683 −4.968 −0.57 −0.8826 0.8397 0.4229 0.1169 −0.2408
For the studied range of {εr, σ}, one can accurately predict
the gain loss Gnorm (dBi) with respect to the reference point
{80, 0} for a canonical 100-mm spherical phantom (adjusted
coefficient of determination R
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= 0.9962):








where the pij , i = 0, 1, 2; j = 0, 1, 2, 3 are the polynomial
coefficients (the values are given in Table I).
D. Effect of Depth
Up to this point, we have not considered how the depth
of an in-body antenna affects its radiation performance. The
maximum achievable radiation efficiency at a given frequency
is limited by 1) the attenuation in tissue and 2) the behavior
of radiated wave at high-contrast boundaries such as tissue–air
(reflection, surface wave effects, etc.) [8]. The attenuation is
proportional to the depth of the antenna in tissue. To quantify
its effect on Gnorm (1), we studied the antenna radiation from
a muscle-equivalent nonresonant phantom ranging in diameter
from zero (lossless case) to 200 mm. As Eq. (1) is valid
for the 100-mm phantom, we use it as a reference point for
the normalization of the obtained results. Fig. 3 shows the
gain difference ∆G in phantoms with various diameters (i.e.
different distances from the antenna to the tissue boundary).




∆G = −0.9084D + 8.983, (2)
where D is the phantom diameter (cm).
Eq. (1) can be adjusted using (2) for a given depth as Gadj =
Gnorm + ∆G (dBi). The phantom diameter can be translated
to the implantation depth as D/2 − 8.5 mm if the capsule is
perpendicular to the skin and D/2− 3.5 mm if parallel.
IV. MEASUREMENTS
The antenna prototype was manufactured using laser ab-
lation on a 50 µm Rogers ULTRALAM 3850HT substrate,
then assembled (Fig. 4) following the procedure reported in
[16]. We characterized the prototype in two media: 1) in a
muscle-equivalent phantom and 2) in pure water ({εr, σ} close
to the reference point {80, 0}). The muscle-equivalent EM
properties were achieved using a water–sugar–salt formulation
(see details in [16]). Sucrose (C12H22O11, ≥ 99.5%) reduced
the permittivity εr of pure water, and sodium chloride (NaCl,
≥ 99.5%) increased the conductivity σ. To characterize the
EM properties of the phantom, we used the SPEAG DAK kit
with a DAK-12 probe. Fig. 5 shows the measured EM proper-
ties of the phantom compared to the theoretical ones [19].
First, we characterized the antenna in terms of its reflection
coefficient |S11|. This allows for the preliminary validation
Fig. 2. Normalized gain in a 100-mm spherical phantom covering the
complete range of biological tissue EM properties. (a) Phantom in free space.
(b) Nonresonant phantom (environment εr = phantom εr).
Fig. 3. Gain difference ∆G of the antenna operating within the muscle-
equivalent phantom of various sizes.
of the numerical model as well as for the calculation of the





where Γ is the voltage reflection coefficient of the antenna
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[20]. Fig. 6 shows |S11| of the antenna measured in muscle-
equivalent phantom and pure water.
To contain the liquids for radiation characterization, we used
a 100-mm spherical glass jar (wall thickness ≈ 2 ± 1 mm)
with the antenna centered inside (AuT, Fig. 4a). A foam frame
(Rohacell IG, εr = 1.05, tan δ = 0.0017) allows for the
accurate positioning of the AuT in an anechoic chamber.
Considering the electrical and physical size of the capsule
antenna as well as its radiation efficiency in phantoms η ∼
0.1%, one cannot use conventional approaches to accurately
measure the radiation [22]. In this study, we combined three
techniques (Fig. 4b): 1) illuminating the AuT in a fully-
anechoic chamber (direct illumination in far-field); 2) feeding
the AuT using an optical fiber connecting the base unit
(enprobe LFA-3, outside of the anechoic chamber) with an
electro-optical converter located at the bottom of the phantom;
and 3) inside of the phantom, decoupling the coaxial feed from
the liquids by a layer of air [23]. For the latter, we used a
10-mm polyamide tube sealed with silicone. To estimate the
gain, we used the gain substitution technique with a reference
antenna of known gain (ETS-Lindgren 3164-06).
In the muscle-equivalent phantom, the measured maximum
gain is −19.6 dBi. Considering the electrical size and radiation
efficiency of the antenna, this result agrees fairly well with
the model that predicts the gain of −22.4 dBi. The measured
gain in pure water (considering the mismatch loss of 1 dB,
Fig. 6) is −15.3 dBi; the model predicts the gain of −11.3 dB.
The measurement error can be attributed, in particular, to
the antenna manufacturing methods (laser ablation generally
has lower precision than photolithography), high sensitivity of
the antenna placement inside of the phantom, and irregular
thickness of the phantom glass wall (≈ 2± 1 mm).
V. DISCUSSION AND CONCLUSION
We analyzed the impact of the permittivity and conductivity
of biological tissues on the gain of a representative in-body
conformal-microstrip antenna. We quantified the relative gain
loss when radiating from media covering the full range of
EM properties of tissues. Even though the attenuation constant
(for any transverse-electromagnetic wave) is α ∝ σ
√
ε′, the
results demonstrate that the effect of dielectric loading can
compensate for the losses in adjacent tissues if conductivity
remains below σ . 1 S·m−1. For instance, the gain of
the antenna operating in the muscle-equivalent medium is
about two times (3 dBi) higher than in the fat-equivalent one
even though the conductivity of muscle being one order of
magnitude higher than the one of fat.
This effect has implications for both engineers and practitio-
ners: in majority of cases, in-body devices should be designed
for and be placed within a higher permittivity tissues. Obvi-
ously, the reflection coefficient of the antenna must remain at
an acceptable level (e.g. |S11 < −10 dB) to avoid mismatch
loss. Dielectric loading by capsule materials can be used
as well to improve the radiation efficiency. This approach
was demonstrated in [24] with an added benefit of increased
robustness.
Fig. 4. Experimental validation of the results. (a) Capsule antenna mockup
centered inside of a 100-mm spherical container. (b) Far-field characteriza-
tion setup inside of an anechoic chamber.
Fig. 5. Measured (—) and theoretical (– –) EM properties of the muscle-
equivalent liquid phantom used for the radiation measurements. (a) Relative
permittivity εr . (b) Conductivity σ.
Fig. 6. Measured and computed reflection coefficients |S11| of the capsule
antenna (M is the measurement and S is the simulation).
The findings of this study apply to the MedRadio frequency
bands too [25] as both the tissue EM properties [19] and
antenna performance [16] vary insignificantly within the 401–
457 MHz range. However, at 2.45 GHz the effect of {εr, σ}
should be studied separately, as pill-sized in-body antennas
are no longer electrically small (ka > 0.5) and the tissue
EM properties vary significantly from the ones at 434 MHz
[19]. In addition, this study considered a ceramic-loaded
microstrip antenna to evaluate the normalized gain loss. Other
antenna types (e.g. loop antennas) may have different near-
field distribution thus affecting the electric field dissipation in
tissues adjacent to the antenna.
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